We investigate the process pp → HZγ + X at the √ s = 14 TeV LHC up to the QCD nextto-leading order (NLO), and discuss the kinematic distributions of final products after on-shell Higgs and Z-boson decays by adopting the narrow width approximation. The dependence of the leading order (LO) and the QCD NLO corrected integrated cross sections on the factorization/renormalization scale is studied. Our results show that the LO integrated cross section and kinematic distributions are significantly enhanced by the NLO QCD corrections, and the NLO QCD K-factor strongly depends on the observables and phase space. We conclude that in precision experimental data analyse for probing the HZγ coupling we should consider the NLO QCD corrections and put proper constraints on lepton-pair invariant mass to reduce the background.
In the standard model (SM) the Higgs boson serves for the breaking of the electroweak symmetry and the generation of the fundamental particle masses [1, 2] . Studying the Higgs mechanism is one of the main goals of the CERN Large Hadron Collider (LHC). In 2012 both the ATLAS and CMS collaborations announced the discovery of a new boson, whose properties are relatively close to the long awaited SM Higgs boson with mass of m H ∼ 126 GeV [3, 4] . After the discovery of the Higgs boson, the main task of further experiments is to determine its properties. Particularly, the precise determination of the Higgs boson couplings is imperative for verifying the validity of the SM and the existence of new physics at high energy scale.
The LHC first runs at 7 and 8 TeV are completed, and the latest data from them show that all the properties [5] [6] [7] [8] [9] of the new boson measured so far are well consistent with that of the SM Higgs boson, but it is well known that there are some theoretical difficulties associated with the SM Higgs sector. For example, the famous hierarchy problem, which is associated with the quadratic radiative corrections to the SM Higgs mass, is one of the difficulties, and there is no way to solve this problem in the SM. So new physics effects are still expected to solve these difficulties. There are many model candidates of new physics predicting sizeable deviations from the the Higgs couplings in the SM. In the SM some Higgs couplings of the types g HV V ′ and g HV V ′ V ′′ are absent at the tree-level, and they would be particularly sensitive to new physics [10, 11] . With the increases of the LHC luminosity and colliding energy, we can collect statistically enough events for most of the important multi-body production processes. Obviously, precision measurements require accurate theoretical predictions for both signal and background. In the last few years, the phenomenological results including the next-toleading order (NLO) QCD corrections to the Higgs boson production associated with di-gauge-boson at the LHC, such as pp → HW W , pp → HW ± γ, pp → HW ± Z, have been studied [12] [13] [14] .
The HZγ production at the LHC also offers the possibility to directly investigate the HZγ, HZZγ and HZγγ anomalous Higgs gauge couplings [15, 16] , as they would cause deviations from the SM predictions. Moreover, an accurate estimate of the pp → HZγ + X process followed with subsequent and therefore only about 170 ∼ 420 f b −1 integrated luminosity is required to produce about 1000 events.
In this paper, we make a precision calculation for the pp → HZγ + X process at the LHC including the NLO QCD corrections with on-shell Higgs and Z-boson decays in the narrow width approximation (NWA), but do not provide the detailed strategy to extract the information of the anomalous Higgs gauge couplings from the pp → HZγ +X process. In section II we give the description of the analytical calculations for the LO cross section and the NLO QCD radiative corrections to the pp → HZγ + X process. In section III we present some numerical results and discussions. Finally, a short summary is given.
Description of the computation
In this section we describe the analytical calculations at the LO and QCD NLO for the pp → HZγ +X process.
A. LO calculation
In our calculations we employ FeynArts 3.4 package [17] to generate LO and QCD NLO Feynman diagrams and their corresponding amplitudes. The algebraic manipulations on the amplitudes are implemented by applying FormCalc 5.4 programs [18] . We neglect the masses of u-, d-, c-, s-quarks.
Due to the smalless of (anti)bottom-quark density in proton, the LO contribution to the cross section from the pp → bb → HZγ + X process at the 14 TeV LHC is less than 0.6%. Therefore, we do not consider the partonic process of bb annihilation in our calculations. Then the contributions to the cross section for the parent process pp → HZγ + X come from the following partonic processes, 
q and Q q are the third component of weak isospin and the electric charge of quark q separately.
The LO cross section for the partonic process→ HZγ can be obtained by performing the integration over the phase space expressed as below,
where p is the three-momentum of one initial parton in the center-of-mass system (c.m.s), √ŝ is the colliding energy in partonic c.m.s, the summation is taken over the spins and colors of the initial and final states, and the bar over the summation indicates the averaging over the intrinsic degrees of freedom of initial partons. dΩ 3 is the three-body phase space element defined as
By convolutingσ 0with the parton distribution functions (PDFs) of the colliding protons, we obtain the LO total cross section for the parent process pp → HZγ + X as
where G q/P represents the PDF of parton q in proton P , x i (i = 1, 2) describes the momentum fraction of a parton in proton, √ s is the colliding energy in the rest frame of proton-proton system, and µ f is the factorization scale.
B. NLO calculation
In the NLO calculations we use the dimensional regularization ( We follow the definitions of tensor and scalar one-loop integral functions in Refs. [19, 20] , and use the Passarino-Veltman (PV) method [19, 21] to reduce tensor integrals to the linear combinations of tensor structures and coefficients, where the tensor structures depend on the external momenta and the metric tensor, while the coefficients depend on scalar integrals and kinematic invariants. The whole reduction manipulations of a tensor integral to the lower-rank tensors and further to scalar integrals, is done and numerically calculated by using the LoopTools-2.2 library [18] and the FF package [22] .
In the virtual correction calculation we need the wave function renormalization constants for quark fields. We introduce the renormalization constants δZ ψ q,L,R for massless quark (q = u, d, c, s) fields defined as In the modified minimal subtraction (M S) renormalization scheme the renormalization constants for the massless quarks are expressed as
where
After the reduction for tensor integrals, the amplitude for loop corrections involving one-loop scalar integrals contains both UV and IR divergences. The UV divergence is vanished after performing the renormalization procedure. But the total QCD NLO amplitude for the subprocess→ HZγ still contains QCD soft/collinear IR singularities. We adopt the expressions in Ref. [23] to deal with the QCD IR divergences in Feynman integrals, and apply the expressions in Refs. [24] [25] [26] to implement the numerical evaluations for the QCD IR-finite parts of N -point scalar integrals. According to the Kinoshita-Lee-Nauenberg (KLN) theorem [27] , these IR singularities will be cancelled by adding the contributions of the real gluon/light-(anti)quark emission subprocesses, and redefining the PDFs at the QCD NLO.
Since we put the transverse momentum, rapidity cuts on the final photon and a resolution cut on the photon and final jet throughout our LO and QCD NLO calculations, the numerical results for the real gluon/light-(anti)quark emission subprocesses are QED IR safe. While the real gluon/lightquark emission processes contain the QCD soft and collinear IR singularities. Technically, we isolate the QCD soft and collinear IR singularities by adopting the two cutoff phase space slicing (TCPSS) method [28] . The Feynman diagrams for the real gluon and light-quark emission subprocesses are shown in Fig.3 and Fig.4 , separately. Before our numerical calculations, we checked the UV and IR divergence cancelations both analytically and numerically. To verify the implementation of the TCPSS in right way, the independence of the NLO QCD corrected total cross section on the soft cutoff δ s are checked in the range of 1 × 10 −5 < δ s < 1 × 10 −3 with δ c = δ s /50. In the further numerical calculations, we fix δ s = 1 × 10 −3 and δ c = 2 × 10 −5 . Furthermore, we numerically compared our NLO QCD corrected cross sections with those obtained by using program MadGraph5 aMC@NLO of version 2.2.2 [29] , and find they are in good agreement with each other within the Monte Carlo errors.
Results and discussions
In this section we present and discuss the numerical results for the HZγ associated production at the √ s = 14 TeV LHC at both the LO and QCD NLO. We use the CTEQ6L1 and CT10nlo PDFs in the LO and NLO calculations, respectively. The strong coupling constant is determined by taking one-loop and two-loop running α s (µ) for the LO and NLO calculations separately, and setting the To strip the QED soft and collinear IR singularities at both the LO and QCD NLO, we put the following transverse momentum, rapidity and resolution cuts on the final photon, i.e.,
where δ 0 is a fixed separation parameter which is set to be 0.7. The condition of Eq.(3.3) implies that the final jet can arbitrarily close to the photon as long as the jet is soft enough. In this way, we can preserve the full QCD singularities, which cancels against the virtual part, but it does not introduce divergence from the interaction between photon and massless quark-jet [31] . The limitation in Eq.(3.3)
is to remove the QED collinear IR singularity due to a photon radiated from a final light-quark-jet j in the NLO calculation for the real light-quark emission processes. Then we accept the HZγ + jet events only if all the limitations in (3.2) and (3.3) are satisfied.
In Fig.5 we display the renormalization/factorization scale dependence of the LO, NLO QCD corrected total cross sections and the corresponding K-factor for the pp → HZγ + X process at the √ s = 14 TeV LHC by setting µ r = µ f = µ. The LO and NLO QCD corrected integrated cross The dependence of the LO, NLO QCD corrected total cross sections and the corresponding K-factor for the pp → HZγ + X process on the factorization/renormalization scale. Here we assume µ = µ r = µ f and define the central scale as the transverse momentum distributions for the Higgs, Z-boson and photon (dσ LO /dp H T , dσ LO /dp Z T , dσ LO /dp Br(Z → e + e − ) + Br(Z → µ + µ − ) = 3.363% + 3.366% = 6.729% [30] . Then the signature for the HZγ production including the subsequent decays at the LHC can be written as
This signal is detected as an event including one τ -pair, one e(µ)-pair and a photon. For photon separation with other final particles in the rapidity-azimuthal angle plane, we impose the R cuts between photon and other final particles as below:
where ℓ = e, µ and j denotes a jet with transverse momentum p j T > 30 GeV.
The final photon in the signal process pp → HZγ → τ + τ − ℓ + ℓ − γ (ℓ = e, µ) is only emitted from initial parton. However, the HZ associated production followed by the subsequent decays of
also leads to the τ + τ − ℓ + ℓ − γ event and contributes at the same order as the signal process. This process, denoted as
is the main background in measuring the HZγ coupling via the pp → HZγ → τ + τ − ℓ + ℓ − γ + X process. We estimate the background process pp → HZ → τ + τ − ℓ + ℓ − γ at the LO in the NWA by adopting CTEQ6L1 PDF, and take Γ Z = 2.4952 GeV [30] . The total decay width of SM Higgs boson is obtained by using HDECAY program as Γ H = 4.38 × 10 −3 GeV. In analysing the τ + τ − ℓ + ℓ − γ events, we adopt the event selection criteria shown in Eqs.(3.2) and (3.5), and impose the following invariant mass constraints on the final lepton pairs to suppress the background contribution:
Then we obtain the background over signal as
Therefore, we can conclude that the background events with photon radiated from final charged leptons can be reduced distinctly in probing the HZγ coupling by taking proper invariant mass constraints on τ -pair and e(µ)-pair. In the following, we neglect the background contribution and only consider the signal process pp → HZγ → τ + τ − ℓ + ℓ − γ in investigating the kinematic distributions of the final produced leptons.
In Figs.7(a) and (c) we present the LO, NLO QCD corrected transverse momentum distributions of τ + and positively charged lepton ℓ + (ℓ = e, µ), and the corresponding K-factors at the √ s = 14 TeV LHC, respectively. As shown in Figs.7(a) and (c), the QCD corrections always enhance the LO differential cross sections dσ LO /dp τ + T and dσ LO /dp on the final photon, the accumulated luminosity of 1000 ∼ 2660 f b −1 is required to produce 25 
Summary
In this paper we investigate the NLO QCD corrections to the HZγ production followed by subsequent
Higgs and Z-boson decays at the √ s = 14 TeV LHC. We study the dependence of the LO and NLO the scale uncertainty of the NLO QCD corrected cross section is reduced compared with that of the LO cross section. We present the LO and NLO QCD corrected distributions of transverse momenta and rapidities of the decay products of Higgs and Z-boson. We find that the NLO QCD radiative corrections are significant, and notably modify the LO kinematic distributions. We see also that the K-factor is distinctly related to phase space region and kinematic observable. We conclude that the NLO QCD corrections should be considered in precision experimental data analyse in measuring the pp → HZγ + X process, and the background events with a photon radiated from final charged lepton can be reduced in probing the HZγ coupling by putting proper invariant mass constraints on final τ -pair and e(µ)-pair.
